Effective treatment modalities have been established to retract the maxillary dentition, but total arch distalization of the mandibular dentition is more challenging due to anatomical limitations of the mandible and has received less attention. [1] [2] [3] Despite the difficulties, distal movement of the mandibular dentition can result in efficient sagittal changes and even a profile change in the lower third of the face with non-extraction treatment; therefore, retraction of the entire mandibular dentition may be an attractive treatment approach.
| INTRODUC TI ON
Effective treatment modalities have been established to retract the maxillary dentition, but total arch distalization of the mandibular dentition is more challenging due to anatomical limitations of the mandible and has received less attention. [1] [2] [3] Despite the difficulties, distal movement of the mandibular dentition can result in efficient sagittal changes and even a profile change in the lower third of the face with non-extraction treatment; therefore, retraction of the entire mandibular dentition may be an attractive treatment approach.
Also, in the correction of mild to moderate skeletal Class III malocclusion, mandibular total arch distalization may provide a viable treatment option where extractions or more invasive surgeries are not desired.
4-7
Recently, temporary skeletal anchorage devices (TSADs) have reduced the need for extractions and surgical procedures. [8] [9] [10] [11] [12] [13] Previous studies have reported the achievement of 4 to 5 mm of mandibular molar distalization using miniscrews in the retromolar area. 8, 10 Distalization of the mandibular molars enables retraction of the incisors to achieve a positive overjet. Other studies have reported successful mandibular total arch distalization using miniscrews placed in the buccal shelves. 12, 13 With the application of miniscrews in interradicular spaces, it is difficult to distalize more than 2 to 3 mm because of space limitations. [14] [15] [16] However, with ramal plates, there is no need to relocate the miniscrews during distalization.
6,7
Compared to miniscrews, miniplates can withstand the greater amount of forces required to distalize the whole dentition.
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Sugawara et al 18 reported that miniplates placed on the mandibular body can successfully function as an anchor for intra-arch distalization. More recently, ramal plates have been installed medial to the anterior border of the ramus to support total distalization. 6, 7 It has been reported that ramal plates can reduce the need for invasive surgeries and have more favourable force vectors that are more parallel to the occlusal plane.
Recently, Roberts et al 13 showed the counterclockwise rotation of the mandibular arch with total arch distalization using buccal shelf miniscrews in skeletal Class III openbite patients. In addition, the ramal plate improved the aesthetics of the facial profile in skeletal Class III patients.
6,7
Temporary skeletal anchorage devices may allow a greater amount of distalization, and they have desirable force vectors in relation to the occlusal plane accompanied by a counterclockwise rotation of the occlusal plane. 13 However, there are no reports on what impact the placement location and types of TSADs have on the effectiveness of distal movement of mandibular dentition within the arch.
Therefore, the aim of this study was to evaluate the biomechanical effects of TSADs on the mandibular dentition during total arch distalization according to locations and type of TSAD using finite element (FE) analysis.
| MATERIAL S AND ME THODS

| Fabrication of a finite element model
A finite element model of the mandible was constructed from the cone beam computed tomography image of a dry skull using MIMICS 
| Boundary conditions
The boundary condition protocol fixed the displacement at the muscle insertion regions at the bone. The planes of the 3D coordinate system can be identified as follows: X plane = sagittal plane, 
| Construction of the finite element model
Three-dimensional finite element models of four different appliance types were constructed: Ramal plate (Type A), Sugawara plate (Type B), buccal shelf miniscrew (Type C) and interradicular miniscrew (Type D). These models were integrated into the mandibular model by the projection method.
Type A was an L-plate (Le Forte system, Jeil Medical Corp., Seoul, Korea) placed in the retromolar fossa of the anterior border of the ramus via two miniscrews (diameter, 2 mm; length, 5 mm). ( Figure 1A ).
Type B consisted of Sugawara plate placed according to Figure 1B . 18 Type C consisted of a miniscrew (diameter, 2 mm; length, 8 mm)
placed in the external oblique ridge of the mandible ( Figure 1C ). 12 Type D consisted of a miniscrew (diameter, 2 mm; length, 8 mm at the interradicular space (4.6 mm) between the roots of the second pre-molar (width, 4.7 mm; length, 14.0 mm) and first molar (width, 7.6 mm; length, 13.3 mm) ( Figure 1D ). 20 In all types, the miniscrews were rigidly connected to bone by sharing nodes, as the stress around the miniscrews was not the aim of this study.
In all types, distalization forces were applied from the plates or screws to the hook between the mandibular canine and first pre-molar. 
| Distalization and analysis
| RE SULTS
| Displacement in the sagittal plane
The four models showed an overall backward displacement of the mandibular dentition. The plates, Types A and B, showed more posterior displacement of the crowns and root tips than the miniscrew Types C and D, especially in the posterior teeth. The anterior teeth demonstrated lingual tipping, in which the crowns were displaced lingually by about 0.5 mm while the displacement of the apices was less than 0.02 mm. The posterior teeth showed distal tipping with a decreasing magnitude from the first pre-molar to the second molar ( Figure 2A , Table 1 ).
| Displacement in the transverse plane
The mediolateral displacement of the crown was minimal and less than 0.02 mm. In the four models, the anterior teeth showed similar lateral tipping movement, while the posterior teeth resulted in different displacement patterns.
In all types, the posterior teeth showed lateral tipping of the crown. The amount of the lateral tipping was largest in Type B, the sugawara plate, and smallest in Type A, the ramal plate ( Figure 2B , Table 1 ). Table 1 ).
| Displacement in the vertical plane
| D ISCUSS I ON
Clinically successful use of TSADs is significantly influenced by their placement sites and types, where their efficiency is measured by the direction and amount of distalization of the mandibular dentition.
In the transverse plane, the location of the TADs affected the buccolingual axial inclination of the posterior teeth due to the difference in the force vector ( Figure 3A ). The degree of buccolingual axial inclinations of the posterior teeth was changed by the direction of the force vectors by the miniscrew or plate.
With regards to the vertical position of the TSAD location, our study showed that the molars were extruded when the force vector was applied relatively upward to the functional occlusal plane.
Our results were similar to those of a previous study. 7 They reported that applying orthodontic forces at the level of the cementoenamel junction resulted in greater extrusive movements than at the bracket level. 21 Vertically, Type A showed a greater amount of extrusion of the pre-molars and molars than other types of TSADs because distalization was achieved by application of a force slightly upward to the functional occlusal plane ( Figure 3B ). A previous study reported that when using a ramal plate, the FMA had a tendency to increase after treatment. 7 The distalization force was applied above the CR, so extrusion of the molars in the ramal plate might be accompanied by clockwise rotation of the mandible. This resultant change is expected to have a positive impact on Class III patients. However, extrusion of mandibular posterior teeth should be avoided in the treatment of severe dolichofacial patients. 22 The CR of the mandibular dentition was 13.5 mm apical and 25.0 mm posterior to the incisal edge of the mandibular central incisors. 23 When comparing the changes with plates vs. miniscrews, there was more distalization sagittally in the posterior teeth with the plates than with the minicrews. Because the force vector is applied to a position superior to the CR, it is observed that the amount of distalization increased with extrusive movement of the molars. 24 Meanwhile, analysis of the anteroposterior displacement in our study
showed that the amount of displacement displayed at the crown was greater than that at the root apex with all types. However, a recent research reported that tooth movements caused by a force applied near the cementoenamel junction resulted in greater displacement at the apical area than the coronal area. 21 CR position of the mandible was closely related with biomechanical response of tooth movement. In our study, the location of Types C and D was closer to the CR of the mandible than Type A, which showed a longer moment arm, as it is closer to the occlusal plane. 24 Generally, since the effect of time was not included in our finite element model due to the unavailability of values of some properties such as creep for biological tissues, the actual clinical situation might not have been simulated completely. However, as our results focused on the momentary effect of force application, this drawback might not have an effect on our study. Hence, our results could be applied to understand the biomechanics of the ramal plate but not to predict the amount of tooth movement, since the biological response over time might differ from our results. Further studies to assess the properties of the biological tissues related to force application over time might be recommended in order to develop more accurate FE models.
The displacement of the miniscrew under the orthodontic forces was evaluated in previous studies. 25, 26 Therefore, the use of a non-rigid connection between the miniscrew and the bone in FE models might be a more accurate simulation of the actual clinical situation. However, in our study, the miniscrews were rigidly connected to bone, because study showed that such displacements were statistically and clinically insignificant. 27 Therefore, the use of a rigid connection between the miniscrew and the bone in our model and consequently the lack of an evaluation of miniscrew displacement might not prevent the use of our results in a clinical situation. Further studies might be recommended to evaluate the changes that occur to the biomechanical system of distalization appliances when the anchorage loses its stability.
Another limitation of this study was that only the mandible was constructed without the maxilla to simulate distalization of mandibular dentition. Thus, the amount of extrusion displayed by the mandibular anterior teeth was increased. This may be because the occlusal force was not included in this study design; thus, it might be worthwhile to validate our results in clinical situations. Therefore, a comparison study of the treatment effects after total distalization with ramal plates vs. miniscrews in patients with Class III malocclusion might be recommended.
| CON CLUS IONS
• Depending on the type of the TSAD, sagittally, the ramal plate demonstrated the greatest distal displacement, followed by the Sugawara plate, the buccal shelf miniscrew and the interradicualar miniscrew.
• Transversely, the ramal plate was closest to the line of occlusion, which showed the lowest degree of buccolingual axial inclinations of the molar crowns.
• Vertically, the ramal plate showed more extrusive displacement of the molars than the other types of TSADs.
According to this study, clinicians should consider the displacement of mandibular dentition during total arch distalization, which varies with different types of TSADs.
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